Abstract: Taking advantage of previous measurements by Geiger and co-workers, we discuss the possibilities 8 and problems of measuring vibrational modes of energy loss in a transmission electron microscope fitted with a 9 monochromator and a high-resolution energy-loss spectrometer. The tail of the zero-loss peak is seen to be a 10 major limitation, rather than its full-width at half-maximum. Because of the low oscillator strengths and small 11 cross-sections involved, radiation damage will limit the spatial resolution if this technique is applied to organic 12 specimens. Delocalization of the inelastic scattering may also be a limitation, if a dipole description of the 13 scattering process is valid. 
INTRODUCTION
16 Improvements in the use and design of monochromators 17 have resulted in sub-100 meV energy resolution from 18 TEM-EELS systems. For example: 67 meV resolution at 80 kV 19 accelerating voltage by running the FEI monochromator in 20 accelerating mode (Tiemeijer, 1999; Rossouw & Botton, 21 2013) , 43 meV at 200 kV with an electrostatic omega-filter 22 monochromator (Essers et al., 2010) , and 26 meV from a 23 JEOL double-Wien-filter monochromator operating at 80 24 keV (Kirkland et al., 2013) . In these instruments, good 25 energy resolution relies upon the stability of the microscope 26 high voltage (HV), so it tends to be worse for longer 27 recording times. Other instruments are less sensitive to HV 28 drift: a JEM1200EX TEM fitted with retarding-field mono-29 chromator and analyzer achieved 25 meV, or 12 meV with 30 no specimen (Terauchi et al., 1999) and the recent Nion 31 HERMES STEM, using an α-type monochromator with 32 preslit dispersion magnification and slit-to-HV feedback has 33 demonstrated 12 meV at 60 kV (Krivanek et al., 2009 (Krivanek et al., , 2013 . 34 High energy resolution is beneficial for low-loss EELS 35 studies of electronic excitations, such as plasmonic modes 36 in small particles and measurements of local bandgap in 37 semiconductor devices, but it also raises the possibility of 38 measuring vibrational modes of energy loss that occur below 39 500 meV. Such measurements are made routinely using 40 reflection mode EELS, with incident energies below 1 keV 41 and energy resolution down to 1 meV, but with spatial 42 resolution of the order of 1 mm (Ibach, 2006) . 43 Much better spatial resolution is possible by using 44 higher-energy electrons and transmission-mode spectro-45 scopy with a thin specimen. Boersch et al. (initially in Berlin) 46 constructed a system with a Wien filter as the spectrometer 47 and a second Wien filter acting as a monochromator. After 48 refinements, the energy resolution became 2 meV with no 49 specimen and about 5 meV with a specimen inserted. The 50 accelerating voltage was typically 25-30 kV but the system 51 had no strong focusing lens, so the beam at the specimen 52 was typically 10 μm in diameter. Spectra were recorded on 53 photographic film. The system was first used to examine 54 electronic excitations in gases (Boersch et al., 1962 (Boersch et al., , 1964 55 Geiger & Wittmaack, 1965) , but later to examine lattice 56 vibrations in thin solid films of halides (Boersch et al., 1966, 57 1969), the vibrational nature of the peaks being confirmed by 58 observing a shift to lower energy in the case of deuterated 59 compounds (Geiger & Jakobs, 1974) .
60
The apparatus was also used to examine carbonaceous 61 specimens: graphite and amorphous carbon (Geiger et al., 62 1971) and a beam-induced contamination layer, whose 63 spectrum showed features in common with amorphous 64 carbon and silicone pump oil but not silicon oxide (Katterwe, 
VIBRATIONAL PEAKS
87 The visibility of vibrational-mode peaks obviously depends 88 on the cross-sections for the scattering process involved, in 89 which the electrons of the vibrating atoms respond to the 90 displacement of atomic nuclei but remain in the same atomic 91 state, unlike the case of single-electron or inner-shell 92 excitations. Geiger and Wittmaack (1965) used the Berlin 93 spectrometer system to measure the energies and intensities 94 of bending and stretching peaks from gaseous samples of 95 carbon dioxide (CO 2 ), nitrous oxide, and ethylene (C 2 H 4 ), 96 and results of their measurements are shown in Table 1 Rez (2013) .
106
Because vibrational peaks occur at very low energy loss 107 (below 0.5 eV), they lie on a sloping background, represent-108 ing a tail of the zero-loss peak (ZLP), as seen from figure 4 of 109 Geiger and Wittmaack (1965) . Their detectability therefore 110 depends on the strength of this tail, as well as the magnitude 111 of the scattering cross-sections. To assess this detectability 112 we need to adjust the previously measured cross-sections 113 somewhat, to apply the incident energy E 0 and collection 114 angle β available in a modern TEM.
115
On the assumption that the scattering is dipolar in 116 nature, Geiger and Wittmaack fitted their measurements to a 117 formula of the form:
118 where B ¼ ð8πa 
The form of equation (1) prominent than they appear to be in practice. Figure 1. Predicted energy-loss peaks for polyethylene (triangles) based on measured cross-sections of ethylene (Geiger & Wittmaack, 1965) adjusted to an incident energy of E 0 = 60 keV and collection semi-angle β = 10 mrad. The ZLP is represented as a Gaussian (FWHM = 40 meV) but with additional data representing the zero-loss tail, measured on the Nion HERMES STEM (filled squares) and the Oxford monochromated TEM (open squares).
155 system. The square data points in Figure 1 show the 156 measured intensity of this tail, for the Nion HERMES system 157 (Krivanek et al., 2013) and for a JEOL monochromated TEM 158 (Kirkland et al., 2013) . In the presence of this tail, it appears 159 that the 117 meV peak would be barely detectable but 160 the 385 meV peak readily detectable from a 36 nm (100 161 monolayer) specimen of polyethylene, provided the energy 162 dispersion of the spectrometer is made sufficiently large 163 (0.56 meV/channel for the Nion system).
164
The zero-loss tail can arise in a number of ways, 165 including light spreading in the scintillator of the spectro-166 meter, electron scattering at apertures, and aberrations of 167 the monochromator or spectrometer. However, another 168 possibility might be "elastic" scattering by the nuclear field of 169 atoms within the specimen, with no change in electron 170 wavefunction. Energy losses of several eV or even tens of eV 171 are possible from high-angle elastic scattering, giving rise to 172 knock-on displacement of atoms inside the specimen or 173 from its surface (Egerton et al., 2010) . For crystalline 174 specimens, 30 keV incident electrons and scattering angles θ 175 between 45°and 135°, Boersch et al. (1967) detected energy 176 losses that could be fitted to the equation:
177 with M the mass of the atomic nuclei involved ( ≈A u, where 178 A is the atomic weight of the specimen and u the atomic 179 mass unit). Equation (2) specimen is inserted (Terauchi et al., 1999 . Energy-loss probability dP e /dE due to elastic (nuclear) scattering through an angle θ, as predicted by equations (2) and (3), and shown in comparison with a Gaussian ZLP dP 0 /dE with FWHM = 30 meV (representing instrumental broadening). The calculations are for 60 keV incident energy and for an amorphous specimen of average atomic number 6, density ρ = 1 g/cm 2 (giving n a = 50 atoms/nm 2 ) and thickness t = 36 nm.
237 inelastic delocalization associated with electronic (plasmon 238 or inner-shell) excitation (Egerton, 2011). 239 In the absence of a Bethe-ridge cutoff (which applies to 240 electronic transitions), the angular distribution of dipole 241 scattering remains Lorentzian up to a collection angle β, so that 242 the median scattering angle is 〈θ〉 = (βθ E ) 1/2 . We can then 243 estimate the delocalization width as L 50 ≈ 0.6λ/(βθ E ) 1/2 = 25 nm 244 for E 0 = 60 keV and β = 10 mrad. This result contrasts with 245 acoustical phonon scattering, whose angular distribution is 246 broad (and peaked at non-zero angle), implying the possi-247 bility of good localization. Rez (2013) has concluded that 248 certain longitudinal optical modes may be well localized 249 and that hydrogen should be readily detectable from its 250 vibrational spectrum. In fact, hydrogenic calculations of 251 Cueva and Muller (2013) suggest the possibility of exciting 252 monopole vibrational modes and achieving subatomic reso-253 lution by positioning a sub-Angstrom electron probe at the 254 center of an atom, if radiation damage were not a problem.
255

RADIATION DAMAGE
256 In a beam-sensitive specimen, radiation damage is usually 257 the main factor determining the spatial resolution possible 258 by electron imaging or spectroscopy. This situation leads to 259 the concept of dose-limited resolution (DLR), according to 260 which the signal recorded from a resolution element (size δ, 261 representing the smallest region from which useful signal 262 can be obtained) must be large enough to provide an 263 acceptable SNR. As shown in Figure 3 , we denote the signal 264 as ΔN = N -N b , where N is the number of electrons recorded 265 from the resolution element that provides the signal and N b is 266 the background level in adjacent resolution elements. Using 267 the customary Weber definition, the contrast between 268 adjacent elements is
The number of incident electrons passing though the 270 resolution element is (D/e)δ 2 , where D is the dose (charge/ 271 unit area) and (D/e) is the fluence (electrons/unit area) used 272 in the measurement. Therefore, the number of recorded 273 electrons is:
, where F is the number of electrons 274 detected per incident electron (Egerton, 2013) . , 277 allowing for the detective quantum efficiency (DQE) of the 278 electron detector. Combining all of these equations leads to 279 the following formula for the DLR, valid for small or large C:
280 The signal-collection efficiency is given by F = P v (β) = [n a t 281 σ v (β)] in the case of vibrational-mode EELS.
282
We will apply equation (4) to a 36 nm sample of poly-283 ethylene, choosing SNR = 5 (the usual Rose criterion) and 284 DQE = 1 (although this may lead to an underestimate of δ). 285 With n a = 50 molecules/nm 3 , t = 36 nm, and σ v (β) = 300 b 286 (for the ν 9 C 2 H 4 peak at 385 meV, adjusted to β = 10 mrad 287 and E 0 = 60 keV), we get F = 5 × 10 keV (Reimer & Kohl, 2008) .
293
If there is no ν 9 vibrational signal in adjacent resolution force microscopy allows resolutions better than 100 nm 313 (Mayet et al., 2008) . Even better resolution is claimed for 314 tip-enhanced or surface-enhanced Raman spectroscopy 315 (Dorozhkin et al., 2010; Le Ru & Etchegoin, 2013) and perhaps by the delocalization of the inelastic scattering. 325 The latter could be tested by recording a particular vibrational-326 loss peak with spectrometer entrance apertures that represent at 327 least two different collection angles, which would provide an 328 estimate of the angular width of the scattering.
329
Besides spatial resolution, there is the practical 330 problem of measuring vibrational peaks above their spectral 331 background (the tail of the ZLP). For TEM-EELS, the nature 332 of this background is currently unknown; it might differ for 333 alternative spectrometer systems and between different 334 electron-optical conditions. It would therefore be useful 335 to measure the zero-loss tail, with no specimen and with 336 specimens (crystalline, amorphous) of various thickness and 337 atomic number, with different collection apertures, and with 338 several spectrometer dispersions. Large dispersion (low 339 eV/channel) minimizes the contribution from light spread-340 ing in the scintillator and crosstalk between CCD channels. 341 For all but the lowest-energy phonon modes, the tail of 342 the ZLP is likely to be more important than its FWHM, 343 just as for valence-electron EELS below 5 eV loss (Aguiar 344 et al., 2013) . 345 It is possible that a scanning electron microscope, 346 operating with an accelerating voltage between 1 and 30 keV 347 and incorporating a monochromator and energy analyzer, 348 might offer a better compromise between high spatial reso-349 lution and an energy resolution sufficient for transmission-350 mode vibrational spectroscopy and imaging. Alternatively, 351 the low-energy electron microscope could be improved 352 in spatial resolution for the purpose of reflection-mode 353 vibrational spectroscopy of surfaces (Ibach, 2006 
